Memristors have been intensively studied in recent years as promising building blocks for next-generation non-volatile memory, artificial neural networks and brain-inspired computing systems. Even though the environment adaptability of memristor has been required in many application fields, it has been rarely reported due to the underlying mechanism could become invalid especially at an elevated temperature. Here, we focus on achieving synaptic learning and memory functions in BiFeO 3 memristor in a wide range of temperature. We have proved the ferroelectricity of BFO films at a record-high temperature of 500 °C by piezoresponse force microscopy (PFM) measurement. Due to the robust ferroelectricity of BFO thin film, an analog-like resistance switching behavior has been clearly found in a wide range of temperature, which is attributed to the reversal of ferroelectric polarization. Various synaptic functions including long-term potentiation (LTP), depression (LTD), consecutive potentiation/depression (P/D) and spike-timing dependent plasticity (STDP) have 2 been realized from -170 to 300 °C, illustrating their potential for electronic applications even under extreme environmental temperature.
Introduction
Brain-inspired computation, also referred to as neuromorphic computing, which is the chief approach to engineer new computational architectures with low energy consumption and greater efficiency, has long attracted significant interest. [1] [2] [3] [4] Efficiency and computational power of neuromorphic systems depends on the accurate implementation of the brain's building blocks, neurons and synapses. [5] The synapses act as an essential part of connecting the presynaptic and postsynaptic neurons in the brain nervous system, which play a key role in learning and memory (Figure 1a) . [6] [7] [8] A compact electronic device which mimics biological synapse is the critical step to build massively artificial neural networks (i.e., machine/deep learning) for brain-inspired computation. [9] [10] [11] However, artificial neural networks are typically constructed using electronic components called complementary metal-oxidesemiconductor (CMOS) devices, which need to be intensively programmed using software. This results in formidable computing complexity and high power consumption. These drawbacks severely hinder the practical application of CMOS-based neural-network systems for power-hungry computing tasks. [11] To tackle these challenges, electronic components known as memristors have become promising candidates as a basic block for building artificial neural networks, which are highly parallel, fault-tolerance, energy-efficient, and event-driven information 3 processing system. [12] [13] [14] [15] The aim is to realize energy efficient artificial intelligence processes at the hardware level. Many research works have been made in building hardware implementation that incorporate Mott memristors [16] [17] [18] , phase-change memristors [19] [20] [21] and redox memristors [12, [22] [23] [24] to emulate synapses by utilizing their tunable resistance (conductance) as synaptic weights. Device switching performance and reliability have been improved in optimal conditions. However, no reliable synaptic characteristics observed in memristors at a wide temperature range limits their potential application in harsh environments such as space exploration, deep drill, automotive industry, etc. Memristors based on ion moving or ionic valence changing [25] [26] [27] always exhibit a failure operation at high temperatures above 200 °C due to thermal instability. [28] Several groups also reported a remarkable degraded performance in the phase-change memristor under high temperature. [29] [30] [31] Moreover, the synaptic functions are expected to be ineffective at extremely low temperature since the threshold voltage exhibit a significant dependence on the operation temperature. [32, 33] Recently, ferroelectric memristor as next-generation nonvolatile memristor (NVM) has attracted intensive attention, which have shown high resistive ON/OFF ratio, fast switching speed, satisfactory endurance and low energy consumption. [34] [35] [36] [37] Ferroelectric materials exhibit two distinctive states of their spontaneous polarization, i.e. ferroelectric up (+P) and down (-P). These two states are defined by thermodynamics, that is, both states ideally correspond to free-energy-minimizing configuration. [38, 39] By changing the direction of applied electric field, i.e. polarity 4 alternation, ferroelectric polarization can be reversed. In a metal-ferroelectric-metal (MFM) device, the ferroelectric region includes multi-domain and its remnant ferroelectric polarization is determined by the average polarization value. By controlling domain configuration, 'various polarization states' lying between +P and -P can basically be achieved. In this case, remnant polarization works as synaptic weight. In MFM device, we can switch the ferroelectric polarization to modulate the resistance. [34, 40, 41] Importantly, as a key aspect of ferroelectric memristor, ferroelectric polarization dependent resistance modulation could be observed when spontaneous polarization remains stable. Therefore, good environment/temperature adaptability can be expected in ferroelectric memristors if the ferroelectric phase could be stable in a wide range of temperature.
In this article, we report the ferroelectric memristor based on BiFeO 3 (BFO) films, which exhibits large electric polarization and high ferroelectric Curie temperature of ~1103 K. [42] Piezoresponse force microscopy (PFM) measurement exhibits a stable ferroelectricity of epitaxial BFO thin films up to a record-high temperature of 500 °C .
A significant resistance switch (RS) characterization was identified over a wide temperature range. It was clearly demonstrated that the memristor resistance (conductance) was modulated by the ferroelectric reversal of BFO films. The BFO-based memristors successfully mimic the key features of biological synapses, with long-term potentiation (LTP), depression (LTD), consecutive potentiation/depression (P/D) and spike-timing dependent plasticity (STDP) learning rule in a wide range of temperature from -170 to 300 °C, which is expected to be 5 extended to 500 °C due to the stable ferroelectricity observed at extremely high temperature.
Mechanism of Device Operation
Our ferroelectric memristor is based on metal-ferroelectric-metal (MFM) device, in which BFO film is sandwiched between SRO bottom and Au top electrodes. During all the electrical measurement, the voltages were applied on the Au top electrode and the SRO electrode was always grounded. In biology, synaptic weight may be changed from a presynaptic axon terminal to a postsynaptic dendrite terminal through electrical or electrochemical signals. [43, 44] BFO memristor is similar to biological synapse, and the synaptic functions are realized by changing electric stimuli. Figure 2d . In this measurement, the voltage was swept as +5 V → -5 V → +5 V at the frequency of 300 kHz. Positive and negative current peaks occur at V = +2.0 V and -4.0 V respectively, at a frequency of 300 kHz, whereas the current peaks become invisible at a reduced frequency of 1 kHz ( Figure S2 in the Supporting information), suggesting that the origin of the current peaks is a ferroelectric displacement current. [45, 46] It should be pointed out that the memristor 7 resistance changes from HRS to LRS after the positive current peak, whereas it changes from LRS to HRS after the negative current peak. Considering the mostly initial downward polarization direction of BFO (point to SRO), polarization reversal between downward and upward (point to BFO surface) is expected to be found during the voltage sweep. More importantly, the location of the current peaks is consistent to the coercive voltages in both of R-V curve and saturated P-V loop. Therefore, we
proposed that the RS behavior is attributed to the polarization reversal of BFO layer.
To confirm it, we investigate the dependence of local conductivity on ferroelectric polarization direction by combining PFM and conductive Atomic force microscopy (CAFM) measurement in a thinner BFO film. As shown in Figure We further analyze the underlying mechanism for ferroelectricity controlled memristor behavior. As can be seen in Figure 1b and S3, BFO memristor exhibits a 8 diode-like rectifying characteristics, indicating formation of Schottky-like barrier. A large value of ideality factors extracted from the I-V curves further confirms the formation of an interfacial layer ( Figure S4 in Supporting information). [47, 48] Moreover, the rectifying behavior could be modified by switching the BFO polarization direction, as shown in Figure S3 . Therefore, we attribute the variation of the rectifying characterization to the potential profile modification of a Schottky-like barrier at the Au/BFO interface due to the polarization reversal. It has been reported that a V O -rich defective layer remains between the Au and BFO layers due to migration of V O toward the top surface to compensate for the negative polarization charge when BFO exhibits an initial downward self-polarization. [49] [50] [51] Whereas, the epitaxial SRO/BFO interface always shows Ohmic contact characteristics. [45] As shown in Figure 2e , the potential profile at the Au/interfacial layer/BFO (Au/IL/BFO) interface significantly depends on the polarization direction of BFO. For the HRS state (downward polarization), large band bending appears in the interfacial layer as well as in the depletion layer at the Au/IL/BFO interface. On the other hand, for the LRS state (upward polarization), the interfacial layer is bent oppositely at the Au/IL/BFO interface, since the opposite polarization charge appears at the interface.
The interfacial layer and the depletion layer act as an effective barrier to the hole carrier conduction at the Au/IL/BFO interface and the effective barrier height in the downward polarization state is higher than that in the upward polarization state. The polarization directions dependent barrier height controls hole-carrier conduction at the Au/BFO interface, which is account for the BFO memristor resistive switching effect. bulk BFO due to its extremely high Curie temperature of ~1103 K, [42] the ferroelectric polarization dominated RS characterization is expected to be stable at a broad temperature range. Therefore, the transport measurements were performed from -170
to 300 °C to examine the temperature adaptability of the BFO memristor. Figure 3a shows the I-V loops in semi-logarithmic scale, and a hysteretic characterization has been observed at negative voltage at all the measurement temperatures, suggesting existence of RS behavior at a broad temperature range. Figure 3b shows the corresponding R-V hysteretic loops, and a typical nonvolatile RS characterization has been also clearly found. Even though, the ON/OFF ratio shows a decrease with increase temperature due to the enhancement of leakage current at elevated temperatures, at the highest temperature of 300 °C , an ON/OFF ratio as high as 1000%
could be still achieved. So far, few works have been reported on the RS characterization at such high temperature range. Wang et al. [52] reported a stable RS behavior in a fully 2D materials heterostructure of graphene/MoS 2-x O x /graphene up to 340 °C. Memristor performance has been also found in HfO 2 [53] and BFO-based [46] devices at 200 °C. However, it should be mentioned that synaptic performance has not been identified so far.
As shown in Figure 3b , reports always focused on the RT, and investigation on ferroelectricity of BFO film at an elevated temperature is still a challenge, due to the high leakage current of BFO compounds. [54, 55] Since it is difficult to obtain ferroelectric hysteresis loops by conventional P-E loops at elevated temperature, PFM measurement was carried out to investigate ferroelectricity of BFO thin film in the current work. A poling process (-10 V/4×4 μm 2 →+10 V/2×2 μm 2 →-10 V/1×1 μm 2 ) was firstly performed with a tip bias at RT. Figure 4a shows the following PFM out-plane (OP) phase image measured at RT after poling, after heating at 300 °C/5 min, and after heating at 500 °C/5 min, respectively. Even though, a phase contrast of 180 ° could be clearly observed, ferroelectricity of BFO at elevated temperature could not be unambiguously 11 identified. [56] [57] [58] [59] [59] To further confirm the ferroelectricity of BFO films, the retention of PFM signal was investigated, and PFM measurement was carried out after heating at 300 °C from 15 to 120 minutes, as shown in Figure 4b , and the corresponding SKPM results also probe the intrisinc ferroelectricity, as shown in and Figure 5d shows the resistance variation after applying the fixed training pulse, including 100 identical potentiation pulses (+6 V/500 ns) and 100 identical depression pulses (-6 V/500 ns) at RT, and a nonlinear P/D response due to the training pulses could be clearly found.
Role of programming pulse number on the resistance was then studied. As shown in Figure 5f , a pulse programming that trained with increasing the number of positive pulses and fixed the number of consecutive negative pulses was applied, and the resistance was read after each pulse. It is observed that the device resistance shows a gradually increase with the number of positive pulses, and the final resistance after each negative pulses sequence depends on the level of the previous positive pulse train. Similar results were also found by a pulse training consisting of fixed the number of positive pulses and increasing the number of negative pulses. It means that 13 higher (lower) resistance states could be achieved by fixed number of D pulses with increasing number of P pulses (fixed number of P pulses with increasing number of D pulses), as shown in Figures 5f, g. In a word, the resistance modulation could be also achieved by varying number of applied identical pulse, which is more appropriate for the hardware implementation of the brain-inspired computing system. [60] Overall, the conductance can be well controlled by varying the simulation pulse, including width, amplitude and number, which serve as the driving force of domain gradual switching in BFO memristor.
In the above part, synaptic plasticity at RT has been clearly identified. Considering memristive characterization originated from the robust ferroelectric polarization of BFO films which are stable at a broad temperature range, as shown in Figure 4 , the P/D characterization has been further studied at high temperature. Figure 5e shows that the device resistance can be incrementally adjusted by tuning the duration and sequence of the applied programming voltage, suggesting a well linear synaptic plasticity in the prepared BFO memristor at a temperature as high as 300 °C .
As known, one important biologically plausible learning rule to update the synaptic weight is the STDP characterization, which states that if the presynaptic neuron spikes earlier than the postsynaptic neuron (∆t > 0), the weight of the synapse increase and vice versa. [61] The smaller timing difference between the two neurons spiking, the larger weight variation is observed. In order to simulate the STDP characterization, special waveforms were designed to emulate the pre-and post-synaptic neuron spikes, and Figure 6 insert shows the superposition produces 14 when they reach the memrisotr with a timing difference of ∆t. As can be seen from the experimental STDP curve, only small |∆ | produce a conductance change whereas large |∆ | leave the device unchanged. Figure 6 shows the STDP curves at -170 °C, 25 °C and 300 °C, respectively. The simulation of the STDP is generated based on the Hebbian learning rule as follows:
Where A determines the spike amplitude, is the decay time constant, ∆t is represent the spike time interval between the pre and postsynaptic, and the synaptic weight change (∆w) is defined in the equation (2), the conductance is measure before (G 0 ) and after (G) the spike-pair application. It could be clearly found that all the experimental data can be well fitted to a biological synapse model , the range of ΔG for potentiation is (0, +∞), and for depression, it is (−1, 0). [61] The change in the synaptic weight with the function of ∆t could be well-fitted with the exponential functions (1), suggesting their good synaptic STDP characteristics in all the measurement temperature range. It should be noted that the effective timing window is about 300 μs, 60 μs and 4 μs for the operation temperature of -170 °C, 25 °C and 300 °C, respectively. The decrease of the effective timing window with temperature is attributed to the high reversal speed of ferroelectric domain at evaluated temperature.
Our current work demonstrates BFO memristor could be a promising emulator in a temperature up to 300 °C , and we expected that a much higher operation temperature even up to 500 °C if the leakage current would be further suppressed by doping, [32, 54] interface engineering, [62] or decreasing the device size [63] to achieve synaptic functions at much higher temperature.
Conclusion
A robust ferroelectricity has been unambiguously identified at an elevated temperature as high as 500 °C in the high quality epitaxial BiFeO 3 (BFO) thin films.
We have realized various synaptic learning and memory functions including LTP, voltage amplitudes (pulse width t set = 500 ns). The platform of conductance is due to reach the current range limit. Emulation of synaptic plasticity with BFO memristor. d) The evolution of the resistance realized by applying trains of identical depression pulses of +6 V followed by identical potentiation pulses of −6 V (pulse width 500 ns) at 25 °C . e) The evolution of the resistance by applying trains of increasing/decreasing voltage amplitude pulses with a fixed time width of 500 ns at 300 °C . Significantly improved synaptic linearity based on pulse engineering. f) and g) Pulse number-dependent resistance change is achieved by using various numbers of training pulses.
Higher and lower resistance states can be achieved by increasing the P and D pulse numbers, respectively. Each write pulse is followed by a read pulse (-1.5 V, 0.5 ms). 
